Lanthanide cations bind to human erythrocyte membranes and enhance cell permeability. It was postulated that this effect is due to their likeness with calcium ions, which have been used to induce perforation of cells. However, the nature and mechanism of the perforation are still not clear. In the present work, the change in surface topography of erythrocyte membranes exposed to various gadolinium species was imaged with an atomic force microscope (AFM) in order to get direct evidence of perforation. The images of the whole cell and regions in nanometer scale showed that the normal surface is featured by closely packed nanometer size particles. The AFM images showed that Gd 3 binding to erythrocytes led to domain structure at low concentration and pore formation at higher concentration. The domain structures that appeared after incubation with 1.0U10 36^1 .0U10 35 mol/l Gd 3 solution for 30 min are featured by the particles aggregated to form ranges and the separations among them enlarged to gorges. With a higher concentration, 2.5U10
Introduction
Perforation of cell membranes is conceptually referred to enhanced permeability with the cell integrity unchanged. It can be accomplished by incubation with calcium chloride (030 mmol/l) [1, 2] , in electric ¢eld pulse [3, 4] or by lithotripter shock waves [5] . The calcium shock method has been used in gene recombination to increase the transformation rate of plasmid in bacteria [2] . In these cases, the perforation has been explained by Ca 2 -induced`pore' formation, and pore formation has been used as the synonym of perforation. Although a few explanations for the perforation of cell membranes have been suggested [2^4] , direct evidence of the perforation was required.
Recently, it was reported that the trivalent lanthanide cations, Ln 3 , can be used to increase the trans-formation of plasmid in Escherichia coli as calcium chloride does, but in a lower concentration (010 35 mol/l) [6] . Yang et al. found a recoverable and sustainable hemoglobin-leaking phase during the attack of lanthanide ions on erythrocytes. They explain this e¡ect on the basis of Ln 3 -induced perforation [7] . Other results related to the Ln 3 -enhanced permeability include that Tb 3 binding increases the uptake of the anticancer drug, cisplatin, by the ovarian cancer cells and La 3 binding stimulates Ca 2 in£ux in hepatocytes and thymocytes [8^10] . Recently, we found that the binding of Ln 3 to erythrocytes can facilitate the uptake of Ln 3 itself and other small molecules and ions [11^14] . Thus the Ln membrane systems could be used to study the nature of perforation.
The atomic force microscope (AFM) is the most prominent instrument among the scanning probe microscopes, which has been widely applied to investigate biological processes and topographic structures of the surface of living cells and biopolymers [15^20] . In earlier studies, the surface of erythrocytes has been imaged by AFM with both contact and tapping mode. By this means, the morphology of the whole erythrocyte was scanned at nanometer scale [21^23] . In the present work, we tried to scan the surface structure of the cell perforated by various concentrations of gadolinium ions, in order to observe the changes relating to perforation. The results revealed two di¡erent modes of perforation, the domain structure and the pore structure, depending on Gd 3 concentration. The results also support our previous suggestions that the Ln 3 -induced changes in membrane structure play a crucial role in the enhanced permeability of cells.
Materials and methods

Reagents and solutions
All the chemicals were of analytical grade unless stated otherwise. Gadolinium oxide (Gd 2 O 3 ) and glutaraldehyde were purchased from Beijing Chemical Company. The stock solution of gadolinium chloride was prepared by dissolving the oxide in 5 mol/l HCl solution and heating to deplete the excess acid. The residue was diluted with Tris bu¡er (50 mmol/l, pH 7.4) to a certain volume. The Gd 3 concentration was determined by complexometric titration with xylenol orange as indicator. All the bu¡ers (pH 7.4) used were prepared from TrisĤ Cl (A.R). The solution of gadolinium citrate, [Gd(cit) 2 ] 33 , was prepared by mixing the gadolinium chloride and sodium citrate solutions in a mole ratio Gd:Cit = 1:2 at pH 7.4.
Preparation of the specimens for AFM imaging
According to improved Butt's method [21] , 1.0 ml of venous blood was obtained from the heart of a Wistar rat and anticoagulated with heparin^saline solution. The packed erythrocytes were separated by centrifuging at 2000Ug for 10 min and then washed with 310 mOsm Tris bu¡ered saline (pH 7.4). Each 0.2 ml erythrocytes was incubated with gadolinium solutions in various concentrations which were diluted by Tris bu¡ered saline (pH 7.4) at 35³C for 30 min. To prepare the samples for AFM imaging, the treated erythrocytes and the control were put into 1.5% glutaraldehyde in Tris bu¡er and stood for 3 min and rinsed with Tris bu¡er. The whole procedure was completed within 2 h. A 10 Wl sample of the cell suspension was added to the freshly cleaved mica surface. The residual solution was removed with a piece of ¢lter paper and air-dried.
AFM imaging
The AFM imaging was performed on a NanoScope III SPM (Digital Instruments, Santa Barbara, CA). The height (z) and lateral measurement (x,y) of the stage were calibrated with a 180 nm step height standard and a di¡raction grating, respectively. Commercially available tapping mode cantilevers were used (Digital Instruments). The cantilever was 125 Wm long with a resonance frequency of about 313 kHz. The ¢xed erythrocytes were imaged on the AFM in the contact mode. Imaging forces were adjusted to less than 5 nN and all the AFM images were acquired in constant force mode.
Results
The results presented here indicate that both the cell shape and the membrane surface structure are sensitive to gadolinium and the e¡ects are dependent on the species and concentrations of gadolinium.
The cell morphology
The AFM images of the whole erythrocyte, as shown in Fig. 1 , revealed a remarkable di¡erence in cell shape in the absence and presence of Gd 3 species. The intact erythrocytes display a typical doughnut shape with an average diameter of 5^8 Wm and a maximal height in the peripheral region of about 1.25 Wm (Fig. 1A) (Fig. 1C ) and the pores of the cells appeared (details see Fig. 3C,D ). An attempt to remove the surface bound gadolinium with EDTA could not turn the cells to their normal shape (H c : 1.76 Wm) and the size was still larger than that of the intact cells (Fig. 1D) . A higher concentration (7.5U10
35 Gd 3 mol/l) resulted in cell fusion (Fig. 1E ). With concentrations higher than 1.0U10 34 mol/l, irreversible hemolysis occurred and the erythrocytes collapsed. The cells incubated with 2.5U10
35 mol/l gadolinium citrate, though swollen, are somewhat concave (H c : 1.11 Wm) in shape (Fig. 1F) . The statistical analysis of cell morphological changes as a function of Gd(III) concentrations in 100 Wm 2 imaged range is given in Table 1 .
Formation of domains and pores on the cell surface induced by gadolinium chloride
In order to gain insight into the ¢ne structure of erythrocytes after exposure of cells to Gd species, we examined the local structure of the cell surface by zooming at several micro-regions of 500U500 nm 2 . The AFM image of the surface of an intact erythrocyte is featured by closely packed globular particles with a diameter not larger than 50 nm ( Fig. 2A) . The contact regions among the neighboring particles appear as curved grooves with widths and a depths of only a few nanometers, as shown in a representative surface pro¢le line (Fig. 2B ). As pointed out in previous studies [21, 22] , the particles are the membrane proteins (peripheral and/or integral) protruding from the surface, while the lipid layer underneath was not observable. After incubation with low concentrations (1.0U10
36^1 .0U10 35 mol/l) of Gd(III) chloride for 30 min, the surface is characterized by a special`domain' structure (Fig. 3A) , in which the protein particles aggregated into ranges and the contact regions enlarged to gorges with an average width of 120 nm and depth of 4 nm (the contour scanned along the line on the surface is given in Fig. 3B ). Underneath the gorges are the exposed regions of the lipid bi- layer. The number of domains in erythrocyte membrane exposed to 2.5U10 35 mol/l Gd(III) chloride is estimated to be 45 þ 4/Wm 2 (see Table 2 ). When the erythrocytes were incubated with Gd(III) chloride of a higher concentration (2.5U10
35 mol/l),`crater-like pores' were developed with approx. 4 pores/Wm 2 ( Fig. 3C , Table 2 ). The contours of these pores are characterized by a larger particle size (150^250 nm), pore depth (073 nm) and diameter (00.77 Wm) (Fig.  3D ,E and Table 2 ). As reported in our work [7] , the cell membrane becomes permeable to intracellular proteins at this concentration, as characterized by the leaking out of hemoglobin. The AFM image in Fig. 3F shows the instant in which the intracellular macromolecules leaking out from the cell were ¢xed by glutaraldehyde and snapped. With the Gd concentration increased further to 5.0U10
35 mol/l, the membrane proteins aggregated to give larger particles and the width and depth of the gorges increased to expose the lipid bilayer further, but the crater-like pores were not observed (Fig. 3G ). After incubation with 7.5U10
35 mol/l gadolinium chloride, the neighboring cells fused together due to intercellular aggregation of the protein particles, which are visible in the contacting region between the fused cells (Fig. 3H ).
EDTA treatment removes the surface-bound Gd and reseals the pores
The protein aggregations might be a¡ected by cross-linking via Gd 3 bridging or Gd 3 modulated conformational changes followed by association. These postulations were supported by the fact that the`pores' on the surface of the erythrocytes perforated by 2.5U10
35 mol/l Gd(III) disappeared after EDTA washing (Fig. 4) . As seen in the ¢gure and the inserted contour, a domain structure similar to that observed in case of 1.0U10
36 mol/l Gd(III) chloride remained. Without the range-gorge feature, the domain structure (average 157/Wm 2 ) is an array of many small depressions with an average 69 nm diameter and 4.6 nm depth ( Table 2 ). The domain structure cannot be attributed to EDTA, since the control experiments showed that EDTA in the concentration used for washing cannot induce domain formation (image not shown here). Therefore, it demonstrates that gadolinium binding plays an important role in protein aggregation, while the`pores' are resealed by removing the Gd 3 .
Gadolinium citrate induces domain structure only
The e¡ect of Gd(III) citrate at a concentration of 2.5U10
35 mol/l on the surface structure is di¡erent from that of Gd(III) chloride at the same concentration. Only a more £attened range-gorge domain structure was observed (Fig. 5 ) with number and size close to those developed by 5.0U10
36 mol/l Gd(III) chloride (Table 2) . No craters were formed when even higher concentrations of the citrate complex were used (images not shown). The results suggested that the free gadolinium ions are the active species for domain and pore formation and in the solution of the Gd complex, in which the concentration of free gadolinium ions is very low, only the domain structure was induced, as those observed after EDTA washing. In summary, when incubating with Gd 3 at low concentrations, Gd 3 binding to the cell surface causes swelling of the cells, but the integrity remains unchanged. At that time, the aggregation of the membrane proteins leads to a domain structure characterized by the range-gorge feature. The phospholipid layer in these regions is exposed and the permeability is enhanced. The size of the protein aggregates and the width of the exposed membrane lipids increase with increasing Gd 3 concentration. With higher Gd 3 concentrations, more extensive aggregations of the protein particles lead to the formation of crater-like pores and further increase in permeability, which is responsible for the reversible hemolysis. If the concentration is further increased, the Gd 3 binding results in cell fusion.
Discussion
On the present experimental method
In the present work, glutaraldehyde-¢xed erythrocytes were imaged by AFM in contact mode under air-dried condition, as used in the previous studies [16,20^22] . As discussed in our previous work [20] , glutaraldehyde ¢xation is an e¡ective measure for the stabilization of erythrocytes. Fixation is necessary, Table 2 Parameters of domain and pore structure induced by gadolinium (imaged erythrocyte number, n = 3^5) because high-resolution images of cells are hardly achieved in solution. The softness of erythrocyte membranes and thermal £uctuation make the cells move and deform when the cells were tapped for scanning. It has been con¢rmed that the ¢xation does not alter the topographic features of the cell surface, though the particles observed might be slightly larger due to the expansion e¡ect of glutaraldehyde, which induces some slight conformational changes of the proteins [22] .
The attainable resolution of AFM studies on biological specimens depends strongly on the elasticity of the specimen [17, 24] , which is responsible for its softness. The membrane proteins have been shown to be much higher in elastic modulus (010 6 Pa) than the membrane lipids [25] . Thus, up to now, AFM images can only exhibit the features of membrane proteins, while the head groups of phospholipids are`invisible' [17] . Based on the previous studies [17,21^23] , the particles on the erythrocyte surface presented here are clusters of the membrane proteins protruding from the membrane surface, including the peripheral and integral proteins. Underlying the depressions or the gorges among the protein particles there would be lipid layers exposed to the environment. The depth of a pore or a depression, as measured by stretching the tip into it, was just an estimated value, since the tip is of a pyramidal geometry and, in some cases, cannot access the bottom of a narrow depression. The development of ¢ner cantilevers is critical to measuring the absolute depth of these depressions.
Phase transition of lipid bilayer and aggregation
of membrane proteins both contribute to gadolinium induced domain structure and pore formation
It has been reported that, similar to Ca 2 , Ln 3 binding leads to domain formation in the lipid bilayer [26] . Unlike the Ln 3 -induced domain structure of cell membranes, the domain structure of phospholipid-only membranes was the result of phase transition, which led to the coexistence of two phases. It has been reported that lanthanide ions can induce H II phase formation of phosphatidylethanolamine liposomes [27] and increase the transition temperature and decrease the membrane £uidity of dipalmi- toylphosphatidylcholine liposomes [28] . Based on 31 P-NMR studies, we demonstrated that La 3 is also able to induce hexagonal (H II ) phase formation in the lipid bilayers of erythrocytes [13, 29] . Phase transition would be considered one of the bases of domain formation. However, the present results indicate that the aggregation of membrane proteins might be more important in the formation of domain and pore structures. As shown previously [30] , Gd 3 binding to membrane proteins such as spectrin leads to conformational changes and aggregations, but the aggregations in membranes are di¡erent from those in solution. Many extensive studies on protein aggregation in solution have been reported [31, 32] . In these studies, the e¡ect of the microenvironment on protein aggregation is negligible and the protein molecules move and impact freely and aggregate from many directions. On the other hand, aggregation of membrane proteins is limited to the neighboring molecules and con¢ned by the membrane. [33] . These protein^protein and protein^lipid interactions limit the modes of aggregation and force the protein particles to form ranges, which are still in the lipid phase and restricted by the lipid phase. On the other hand, protein aggregation may also exert a force to make the array of lipid molecules become unevenly distributed and thus reinforce phase separation. However, limited by the relative amounts of proteins and lipids and con¢ned by lipid-lipid interaction, the phase separation as well as the phase transition are limited to a number of small areas, i.e. the range-gorge pattern as imaged by AFM. Therefore, similar to the domain formation induced by electric ¢eld and diamides [34, 35] , the Gd 3 induced domain structures might be the overall results from three parts: (a) domains in the lipid bilayer, (b) lipid^protein domains at the interface between the lipids and intrinsic membranespanning proteins and (c) domains formed by protein aggregation.
Since EDTA can reseal the`pore' and leave the domain structures on the surface, we can imagine that gadolinium ions bind mainly to the EDTA accessible sites. However, a fraction of gadolinium ions would be bound in the interior of the membrane. At low concentration (as in 1.0U10 36 mol/l), the gadolinium ions di¡use in and bind to the high a¤nity sites. According to Curmi et al. [36] , the aggregation of membrane proteins induced by Ln 3 in a similar range of concentrations is reversible. Thus we can deduce that the protein aggregation induced by a very low concentration of Ln 3 is not extensive enough to cause pore formation. That is why only domain structure was observed with low concentrations of GdCl 3 and the citrate complex, as well as the protein-bound Gd 3 removed from the cell surface by EDTA treatment.
In summary, phase transition of the lipids and protein aggregation a¡ect membrane structure and permeability cooperatively, though protein aggregation contributes very much to pore and domain development. 3 -enhanced ascorbate in£ux [11] . As mentioned above, the AFM images indicate that Gd 3 binding to the erythrocyte membrane might result in the formation of three kinds of domains. Among them, the lipid domain structures due to local phase transition and phase separation have been known closely related to the permeability of cell membrane [34,35,38^40] . The domain structure can facilitate the passive permeation of small polar molecules across the membrane [38^41]. For the cell membrane, protein aggregation would reinforce and extend the domain structure in lipid bilayer to à range-gorge' form and increase the exposure of lipid bilayer. In addition, the permeability might also be enhanced by the`mismatch' between lipids and peptide chains due to protein aggregation, since the molecular recognition between the lipid bilayer and membrane-spanning proteins is also important in the membrane architecture. It has been reported that the lipid^protein domains relating to the aggregation of proteins and the protein aggregate^lipid interaction give rise to the formation of aqueous pores [34, 35] . In addition, aggregates of intrinsic proteins might also form aqueous channels through the lipid bilayer, even though the walls of these channels would be constituted by a rather hydrophobic protein domain [35] . In model studies, the incorporation of integral membrane proteins into lipid vesicles composed of a single liquid crystalline species leads to considerable perforation [42, 43] . After the treatment with Gd species, the whole shape of the erythrocyte displays cartouche, which is markedly di¡er-ent from the typical doughnut shape of the control (see Fig. 1 ). This is likely due to the fact that the in£ux of extracellular molecules, such as Ca 2 , Cl 3 and other ions, results in an increase in intracellular osmotic pressure and then enhances the in£ux of water molecules. In summary, the AFM images presented here support strongly the Ln 3 induced domain structures and pore formation, both of which increase the permeability of cell membranes. These e¡ects are dependent on concentration and incubation time. It should be noteworthy that this perturbed structure with the increase in incubation concentration can further cause cell fusion and hemolysis.
